Lactate oxidases belong to a group of FMN-dependent enzymes and they catalyze a conversion 14 of lactate to pyruvate with a release of hydrogen peroxide. Hydrogen peroxide is also utilized 15 as a read out in biosensors to quantitate lactate levels in biological samples. Aerococcus 16 viridans lactate oxidase is the best characterized lactate oxidase and our knowledge of lactate 17 oxidases relies largely to studies conducted with that particular enzyme. Pediococcus 18 acidilactici lactate oxidase is also commercially available for e.g. lactate measurements, but 19 this enzyme has not been characterized before in detail. Here we report structural 20 characterization of the recombinant enzyme and its co-factor dependent oligomerization. The 21 crystal structures revealed two distinct conformations in the loop closing the active site, 22 consistent with previous biochemical studies implicating the role of loop in catalysis. Despite 23 the structural conservation of active site residues when compared to Aerococcus viridans 24 lactate oxidase we were not able to detect either oxidase or monooxygenase activity when L-25 lactate or other potential alpha hydroxyl acids were used as a substrate. Pediococcus 26 acidilactici lactate oxidase is therefore an example of a misannotation of an FMN-dependent 27 enzyme, which catalyzes likely a so far unknown oxidation reaction. 28 3 29 4 53 Pediococcus acidilactici proteome does not use lactate as a substrate. We describe here 54 structural and biophysical studies of PaLCTO, which revealed FMN-dependent folding and 55 oligomerization of the enzyme. 56 57 Materials and methods 58 Cloning and site directed mutagenesis 59 Pediococcus acidilactici proteome wide search for keywords lactate, lactate oxidase, α-60 hydroxy acid in Uniprot database gave only one hit that matched with AvLCTO. Similarly, 61 BLASTp search with AvLCTO against P. acidilactici DSM20284 revealed the same hit 62 annotated as putative L-lactate oxidase (Uniprot E0NE46). Genomic DNA of Pediococcus 63 acidilactici (DSM 20284) and Aerococcus viridans (DSM 20340) was obtained from DSMZ, 64 Germany. Gene encoding PaLCTO was cloned into pNH-TrxT (Structural Genomics 65 Consortium) vector using SLIC cloning. The vector encodes for an N-terminal thioredoxin tag 66 with a cleavable TEV protease recognition site. A94G mutant was obtained using standard site-67 directed mutagenesis protocol. All clones were verified using Sanger's dideoxy sequencing. 68 Untagged PaLCTO and AvLCTO were recombinantly expressed from pNIC-CH vector with a 69 stop codon added immediately after the native sequence. Commercial PaLCTO was purchased 70 from Sigma (catalog number LO638, lots STBG2905V and STBF3223V).
Introduction 30
Alpha-hydroxy acids are oxidized by a family of FMN-dependent enzymes [1] . Lactate 31 oxidases belong this class of enzymes along with other well characterized members such as 32 8 143 were performed using Coot [14, 15] . Structure related figures were generated using Pymol 144 (Schrödinger). The data collection and structure refinement statistics are presented in Table 1 . 145 Small angle X-ray scattering 146 SAXS was conducted in size-exclusion chromatography mode. Scattering contributions due to 147 buffer were subtracted from protein peak using ScÅtter. SAXS based molecular weight 148 estimates were done using SAXS MoW 2.0 [16] . Analysis of crystal structure fitting to 149 scattering profiles was done using CRYSOL [17, 18] .
150
Activity assays 151 Oxidase activity towards L-lactate and glycolate was measured in reaction mixture containing 152 aminoantipyrine (4-AAP) and N,N-dimethylaniline (DMA) that react to form quinonediimine 153 dye when they are oxidized by the horseradish peroxidase enzyme (HRP) and hydrogen 154 peroxide generated in lactate oxidase reaction [4] . The initial reaction cocktail contained for 155 each reaction 40 µl of 200 mM 3,3 dimethylglutaric acid-NaOH buffer, pH 6.5 (DMGA), 20 156 µl HRP solution (50 U/ml, Sigma-Aldrich P-8250), 20 µl 4-AAP and 30 µl deionized ELGA 157 water. The cocktail was mixed by inversion and 110 µl was pipetted into microplate wells. 158 Next, 25 µl of substrate solution and 40 µl DMA 0.2 % (v/v) solution were added into the wells. 159 The microwell plate was transferred to a reader (Varioskan Flash or Tecan infinite pro) and 160 incubated at +37 °C for 5 min. Finally, 25 µl of enzyme dilution (~ 2 µg/ml) in 10 mM sodium 161 phosphate buffer containing 0.1 mM flavin mononucleotide co-factor (FMN, Sigma-Aldrich 162 F2253) was dispensed into the wells and absorbance at 565nm was monitored with one minute 163 intervals for 15 minutes. Oxidase activity was calculated by dividing the slope of the linear 164 regression line of enzyme activity graph (A565nm) from t = 0 to t = 15 min by the amount of 165 enzyme protein taken to the assay. Standard L-lactate concentration in the assay was 1 mM, 9 166 but when enzyme activities were screened, concentrations used ranged from 1 mM to 62.5 mM, 167 and protein amount in the assay was increase even 250-fold. In K m determinations, L-lactate 168 concentrations were from 0.2 mM to 2.0 mM. Instead of FMN, flavin adenine dinucleotide 169 (FAD) was tested as a co-factor in some enzyme assays.
170
For lactate 2-monooxygenase assay, protein samples were incubated in a similar mixture as 171 previously, but 4-AAP and DMA were omitted. In addition to Na-phosphate buffer, 10 mM 172 imidazole-HCl, 150 mM NaCl (pH 7.0) and 30 mM Hepes, 150 NaCl (pH 7.0) buffers were 173 tested, since phosphate inhibits some enzymes using lactate as a substrate. All three buffers 174 contained also 10 mM FMN. The assays were incubated overnight at +37 °C. Active lactate 175 oxidases were used as controls to demonstrate detection and quantitation of activity. After Fig 1A) . The first peak containing the yellow fraction was judged 195 to be tetrameric with a molecular weight of 162 kDa, while the colorless protein was 196 monomeric with a molecular weight of 33 kDa. These results are in good agreement with the 197 theoretical molecular weight of a monomer (39 kDa) and a tetramer (156 kDa). Flavin mononucleotide (FMN) is the co-factor that imparts bright yellow color to the protein 206 and since this is absent in the monomeric protein, circular dichroism (CD) spectroscopy was 207 performed to assess any possible differences in secondary structure between tetrameric and 208 monomeric proteins. Tetrameric fraction showed typical features of a folded protein rich in 209 secondary structures ( Fig 1B) . Negative peak maxima at 202 and 222 nm and a positive peak 210 at 195 nm indicated that the protein has an alpha-helical content. Monomeric protein showed 211 negative peak maxima at 204 nm, indicating that the monomeric protein showed no typical 212 characteristics of a folded protein ( Fig 1D) . Melting curve studies using CD were performed to 11 213 determine if the proteins are folded. Tetrameric fraction clearly showed sigmoidal transition at 214 222 nm whereas monomeric fraction did not show any such transition (Figs 1C and 1E) . The 215 calculated melting temperature of the tetrameric protein was 47ºC. These results indicated that 216 the monomeric protein has little or no secondary structural elements typical for a folded protein.
218
We also performed small angle X-ray scattering (SAXS) analysis for both of the proteins to In order to study whether monomeric enzyme could incorporate the co-factor, we incubated it 238 with FMN and subsequently carried out SEC analysis to see if the protein oligomerizes in the 239 presence of the co-factor. The protein indeed eluted at the same elution volume as native 240 tetrameric protein ( Fig 3A) indicating co-factor dependent oligomerization. Previously this 241 phenomena has been described for some FAD containing enzymes [19, 8, 20] . We also 242 performed loss of FMN binding studies, where native tetrameric proteins were chemically 243 treated to remove FMN and the deflavination resulted in monomeric proteins ( Fig 3B) . To assess if refolded proteins have similar secondary structure to native PaLCTO, we 251 performed CD spectroscopic studies. Refolded protein had similar spectra to WT native 252 PaLCTO and melting temperature (47ºC) (S3A Fig and Fig 4A) . Together the results show 253 that PaLCTO could be reversibly folded and unfolded in vitro. SAXS analysis of refolded 254 PaLCTO (Figs 4B and 4C) were also in line and indicated that the protein had a molecular 255 weight of 151 kDa, Kratky plot was similar to native PaLCTO ( Fig 4C) and Dmax was 113 Å 256 as for the native tetramer ( Fig 4D and S1 Table) . We solved the crystal structure of PaLCTO with 1.9 Å resolution (Table 1) PaLCTO and AvLCTO can be observed in the N-and C-termini ( Fig 5A) . Firstly, there is a 279 small additional β-sheet composed of two strands formed by the residues 2-9 in the N-terminus 280 of PaLCTO. Secondly, the C-terminus of PaLCTO is three residues shorter compared to We then analyzed the structure with Pisa server which gave a biological assembly likely similar 293 to AvLCTO. These results are consistent with other data presented above that the protein is 294 tetrameric in solution. Analysis of PaLCTO tetramer with SAXS data measured in solution had 295 a chi 2 of 1.6 (S5 Fig) which gives additional confirmation that the protein is a tetramer.
296
Structural comparison of the PaLCTO and AvLCTO tetramers shows a similar assembly but it 297 also reveals that the PaLCTO tetramer has a much larger central cavity than AvLCTO due to 298 the shorter C-terminus ( Fig 5B) . The buried surface area between monomers of AvLCTO is 299 larger (1737 Å 2 ) when compared to (1452 Å 2 ) from PaLCTO. The C-terminus of AvLCTO 300 contributes to the oligomer formation through a network of ionic interactions (C-terminus,
301
Glu373, Arg52, Arg56), through hydrophobic contact and multiple hydrogen bonds (Fig 5C) .
302
The sidechain of Tyr370 stacks with the imidazole ring of His60 from the neighboring subunit 303 and makes the central cavity smaller compared to PaLCTO (Fig 5C) . These structural features 304 provide a rationale as to why AvLCTO has higher stability than PaLCTO. The hydrogen bonding network between FMN and the surrounding residues contains in total 309 twelve interactions ( Fig 6A) . The 2Fo-Fc electron density map for FMN is shown in S6A Fig.   310 We also observed a glycerol molecule from the having 2.6 Å distance to the O1 atom of the glycerol (Fig 6E) . Instead in the open conformation, 334 the distance between the OH group and the O1 atom is 7.5 Å (Fig 6A & Fig 6D) . PaLCTO gains the same three-dimensional structure as WT PaLCTO when refolded. We also 363 saw signs of two conformations for the chain S201 -A219 in the structure of refolded PaLCTO, 364 but due to modest resolution and lack of electron density the chains could not be built. Like
365
WT enzyme the refolded oligomer fitted well to the SAXS data (S5B Fig) . Lactate 2-mono-oxygenase is an enzyme with very similar structure and reaction mechanism 388 to lactate oxidase [5] . Therefore, we assayed also lactate 2-mono-oxygenase activity of the in-389 house produced PaLCTO. These results were negative as there was no acetic acid formed from 390 L-lactate, and neither did it react into any other product, since the concentration of L-lactate 391 was unchanged in the reaction mixture (S9 Fig) .
393
Discussion 394 We started with the aim of characterizing recombinant PaLCTO enzyme. Although successful 395 in producing the protein and determining the structure, we were not able to observe enzymatic 396 activity when L-lactate was used as substrate. Given that these enzymes were produced with 397 affinity purification tag, we wondered if this led to loss of enzymatic activity. We also produced 398 recombinant tag free enzyme which gave no activity. As a control we used in-house produced 399 AvLCTO with both affinity tag (tag cleaved later during purification) and tag free version. 
